The outcome of acute myelogenous leukemia (AML) therapy depends on the propensity of leukemic blasts to accumulate ara-CTP, the active triphosphate of cytarabine (ara-C). We identified sterile a motif and HD domain-containing protein 1 (SAMHD1) as an ara-CTPase that protects cancer cells from cytarabineinduced toxicity. Therefore, we propose targeting SAMHD1 as a strategy to potentiate cytarabine and possibly other antimetabolite-based therapies.
The annual burden of newly diagnosed leukemia patients worldwide is approximately 350,000, with the majority of cases being acute myelogenous leukemia (AML). 1 The average 5-year overall survival (OS) rate of AML is approximately 20%, with good results for children but far worse for elderly patients. 2, 3 A significant improvement in the AML therapy with respect to survival was reported with the introduction of high-dose cytarabine (cytosine arabinoside, ara-C) courses during the consolidation phase; however, this study was reported more than 2 decades ago. 4 Standard treatment still consists of cytotoxic therapy combining ara-C with an anthracycline. 2, 3 Even though it has been known for many years that the clinical outcome of AML treatment correlates critically with the ability of AML blasts to accumulate the cell-active triphosphate form of ara-C, ara-CTP, 5 the underlying mechanism that distinguishes resistant from sensitive leukemic clones has remained unknown.
In 2011, Goldstone et al. 6 were the first to recognize that the human immunodeficiency virus type 1 (HIV-1) restriction factor and mutated protein in Aicardi-Gouti eres syndrome, sterile a motif and HD domain-containing protein 1 (SAMHD1), contains a unique and allosterically activated deoxynucleoside triphosphate (dNTP) triphosphohydrolase activity toward all canonical dNTPs (i.e. dGTP, dATP, dTTP, and dCTP). In a later study, Arnold et al. 7 provided proof-ofconcept that artificial dNTP analogs like the triphosphate of the anti-cancer drug clofarabine, Cl-F-ara-ATP, can be substrates for SAMHD1. This prompted us to hypothesize that other nucleotide analogs could be SAMHD1 substrates, such as ara-CTP 3 ( Fig. 1) , which differs only in the hydroxyl group configuration at the 2 0 -C atom from dCTP. We tested this hypothesis in vitro using purified human SAMHD1 protein, and showed that ara-CTP is a substrate but not an allosteric activator of SAMHD1. We subsequently demonstrated in AML and lymphoma cell lines that the removal of SAMHD1 could dramatically increase ara-C cytotoxicity. Firstly, we exploited virus-like particle (VLP)-delivery of the (lenti)viral protein X (Vpx), that is known to recruit SAMHD1 for degradation, 3 and observed a dose-dependent sensitization of AML cells to ara-C up to »130-fold, with respect to cells treated with control VLPs lacking Vpx. Secondly, we used clustered regularly interspaced short palindromic repeats (CRISPR) /Cas9 (CRISPR associated protein 9)-mediated disruption of the SAMHD1 gene, which resulted in a substantial increase in ara-C toxicity that could be abrogated by ectopic expression of wild-type, but not catalytically inactive SAMHD1. In cells lacking SAMHD1 protein, we measured a »10-fold increase of intracellular ara-CTP compared with isogenic cell lines expressing SAMHD1, and importantly, incorporation of ara-CTP into DNA was equally increased in these cells. This was correlated with decreased DNA synthesis, as measured by thymidine incorporation, and a concomitant increase in DNA damage and apoptotic signaling (Fig. 1) . Demonstrating the relevance of the ara-CTPase activity of SAMHD1 in vivo, xenograft AML mouse models treated with ara-C showed a dramatic increase in survival when SAMHD1 was absent in the transplanted cells. Furthermore, VLP-delivery of Vpx to primary AML patient blasts, sampled either at diagnosis or relapse, successfully depleted SAMHD1 protein and increased ara-C toxicity. Finally, retrospective analyses of SAMHD1 expression and survival in two well-characterized cohorts of adult and pediatric AML patients revealed a »20% absolute difference in OS at 18 and 12 months after diagnosis, respectively.
3 Surprisingly, the mRNA expression levels of genes involved in ara-C metabolism that had been previously reported as potential biomarkers were not significantly correlated with survival in these patient cohorts. 3 Taken together, our findings demonstrate that the therapeutic response of AML to ara-C is controlled by SAMHD1 (Fig. 1) , and suggest this may be the case for other hematological malignancies. Furthermore, we provide a rationale to target SAMHD1 to potentiate antimetabolite-based therapies.
Two recent studies also identified ara-CTP as a SAMHD1 substrate. 8, 9 Schneider et al. began with an alternative hypothesis that had previously been shown for anti-HIV-1 drugs 10 : that SAMHD1 could increase therapeutic efficacy of nucleoside analog-based chemotherapies by depleting competing endogenous dNTPs. However, contrary to their hypothesis, these authors found an inverse correlation between SAMHD1 expression and ara-C cytotoxicity, and subsequently identified SAMHD1 as an ara-CTPase responsible for mediating therapeutic efficacy of ara-C in adult AML. Additionally, these authors provided evidence that SAMHD1 upregulation may be induced by long-term exposure to ara-C, suggesting that SAMHD1 may contribute to the development of ara-C resistance. 9 Schneider et al. 9 generated ara-C-resistant AML cell lines and, in addition to changes in expression of genes previously reported as ara-C metabolic enzymes, observed marked increases in SAMHD1 expression compared to the respective ara-C-sensitive parental cell lines. However, it should be noted that we did not observe a clear pattern of increased SAMHD1 mRNA expression in 31 paired AML samples at diagnosis and relapse, 3 possibly reflecting the differences of resistance development in vivo. Hollenbaugh et al. 8 asked a broader question of which dNTP modifications restrict or permit hydrolysis by SAMHD1. Using computational modeling, these authors predicted hydrolytic activity of SAMHD1 toward several clinically relevant nucleoside triphosphates, and subsequently demonstrated in vitro that several arabinose dNTP analogs are SAMHD1 substrates. Interestingly, Hollenbaugh et al. predicted that the triphosphate metabolite of gemcitabine, dF-dCTP, difluorodeoxycytosine triphosphate, is not a SAMHD1 substrate, which was demonstrated by both us 3 and Schneider et al. 9 They also identified dNTP analogs which inhibit hydrolysis of dGTP by SAMHD1 in vitro, and although these compounds lacked potency they could be used as starting points for rationale design of inhibitory nucleoside analogs. Taken together, these studies, along with our study, raise three important points (1) SAMHD1 may be a barrier to therapeutic efficacy of several clinically used nucleoside analogs ( Fig. 1) , (2) assessment of SAMHD1 levels may allow patient-specific dose adjustments, and (3) targeting SAMHD1 may increase the efficacy of these treatments; we are currently investigating all these points.
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